da) and used at a concentration of 1 µg/mL. LPS from Escherichia coli (serotype 0127-B8) and polymyxin B were obtained from Sigma Chemie GmbH (Deisenhofen, Germany). Recombinant human GM-CSF and IL-4 were kindly provided by Novartis Research Institute (Vienna, Austria). IFN-γ was a gift from G.R. Adolf (Ernst Boehringer Institut für Arzneimittelforschung, Vienna, Austria). IL-10 was purchased from R&D Systems Inc. (Minneapolis, Minnesota, USA).
Antibodies used in this study. The following murine mAb's were generated in our laboratory: negative control mAb VIAP (calf intestine alkaline phosphatase-specific), 6B6 (CD11a), VIM13 (CD14), 4D3 (CD33), and 1/47 (MHC class II). Hybridomas producing mAb W6/32 (MHC class I), G28-5 (CD40), and TS2/9 (CD58) were obtained from American Tissue Culture Collection (ATCC; Rockville, Maryland, USA). UCHT-1 (CD3), MEM18 (CD14), and UCHL1 (CD45R0) were kindly provided by An der Grub (Bio Forschungs GmbH, Kaumberg, Austria). OKT3 (CD3) was obtained from Ortho Diagnostics (Raritan, New Jersey, USA). The mAb HD37 (CD19) was provided by G. Moldenhauer (Heidelberg, Germany). MAb RR1/1 (CD54) was a gift from Bender AG (Vienna, Austria). The mAb L307 (CD80) was from Becton Dickinson Immunocytometry Systems (San Jose, California, USA). IT2.2 (CD86) and the PE-labeled mAb C11.5 (anti-IL-12) were purchased from PharMingen (San Diego, California, USA). MAb 3G8 (CD16), the FITC-labeled mAb MP9-20A4 (anti-TNF-α), and PE-labeled mAb JES3-9D7 (anti-IL-10) for cytoplasmic staining of IL-10 were obtained from Caltag Laboratories Inc. (Burlingame, California, USA). FITC-labeled FIB-3 mAb (anti-IL-1β) was from Dianova (Hamburg, Germany). The neutralizing polyclonal anti-IL-10 antibody (PAL-hIL10) was obtained from Strahtmann Biotech (Hannover, Germany).
Rhinovirus preparation. HRV-14 was obtained from ATCC and routinely grown in suspension cultures of HeLa cells (strain Ohio; Flow Laboratories, McLean, Virginia, USA). Cells were cultivated in S-MEM medium (Joklik modification; catalog no. 22300-107; Life Technologies Inc., Rockville, Maryland, USA) supplemented with 7% heat-inactivated horse serum (catalog number 01051-M; Diagnostic Products GesmbLT, Wiener Neudorf, Austria), 1% penicillin/streptomycin, 1% glutamine, 1% pluronic F68 (catalog no. P1300; Sigma Chemical Co., St. Louis, Missouri, USA), and 1% nonessential amino acids. The same medium was used during infections, except that serum was reduced to 2% and 1 mM MgCl 2 was added. Cells were infected at a ratio of ten 50% tissue culture infectious doses (TCID) 50 per cell. HRV-14 was harvested 40 hours after infection. Cell debris was pelleted by low-speed centrifugation. HRV was prepared from cell culture supernatant by polyethanolglycol (PEG) precipitation (7% PEG 6000, 3% NaCl). Virus was resuspended from the PEG pellet in PBS, aliquoted, and stored at -70°C. Working dilutions of used HRV-14 stock preparations contained less than 10 pg LPS/mL. No biologic effects of these very low LPS concentrations were detectable. The preparations did not induce significant TNF-α or IL-6 production in monocytes (see Figure 5) . Moreover, the capacities of HRV-14 preparations to induce IL-10 production, inhibit T-cell proliferation, and downregulate MHC class II expression could not be inhibited by the LPS inhibitor polymyxin B (10 µg/mL) (data not shown).
Preparation of purified HRV. Virus stock preparations were further purified using sucrose gradients. Virus was pelleted by centrifugation at 100,000 g for 2 hours and resuspended in a small volume of "virus buffer" (50 mM Tris [pH 7.5], 2 mM MgCl 2 ). It was then treated with DNase I (5 mg/mL; catalog no. 104169; Boehringer Mannheim, Mannheim, Germany) and RNase A (5
Figure 1
HRV-14 inhibits antigen-specific T-cell proliferation. PBMCs (10 5 ) were stimulated with mAb OKT3 (1 µg/mL), SEA or SEB (10 ng/mL), and PPD or tetanus toxoid (1 µg/mL) in the presence (filled bars) or absence (gray bars) of HRV-14 (10 TCID 50 per cell). T-cell proliferation was measured on day 3 (for OKT3, SEA, SEB stimulation) and day 5 (for PPD, tetanus toxoid stimulation) of culture by adding (methyl-3 H)-TdR followed by measuring thymidine incorporation 18 hours later. Background counts due to ongoing autologous MLR in the absence of specific stimulation were subtracted. The figure shows thymidine uptake, in cpm (mean ± SEM) of 3 independent experiments. Paired Student's t test was applied for statistical evaluation of data; corresponding P values are indicated. mg/mL; catalog no. 104159; Boehringer Mannheim) for 10 minutes at room temperature and further digested with trypsin (0.5 mg/mL; catalog no. 01104-H; Dipro) for 5 minutes at 37°C. After addition of N-laurylsarcosin (0.1%; catalog no. LA083; Schuchardt, Munich, Germany) digestion was continued at 4°C overnight. After removal of unsoluble material by low-speed centrifugation, the sample was centrifuged on a sucrose gradient (7.5-45% sucrose in virus buffer) for 2 hours at 155,000 g. Virus-containing fractions are visible as a turbid band in the middle of the gradient and were collected with a syringe. Virus was concentrated by pelleting and resuspension in virus buffer.
Ultraviolet inactivation of virus. Ultraviolet-inactivated (UV-inactivated) virus was prepared by irradiating virus suspensions in a 24-well tissue culture dish (200 µL/well) on ice for 10 minutes with a 75 W UV source (254 nm) at a distance of 5 cm. Treatment resulted in complete loss of infectious titer.
Cell preparation. PBMCs were isolated from heparinized whole blood of normal healthy donors by standard density gradient centrifugation with Ficoll-Paque (Pharmacia, Uppsala, Sweden). Subsequently, T cells and monocytes were separated by magnetic sorting using the MACS technique (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) as described previously (26) . Purified T cells were obtained through negative depletion of CD11b, CD14, CD16, CD19, CD33, and MHC class II-positive cells with the respective mAb's. Monocytes were enriched by using the biotinylated CD14 mAb VIM13 (purity >95%) as described previously (26) .
Cultivation of monocytes. Monocytes (1 × 10 6 /mL) were cultured in 24-well plates (Corning-Costar Europe, Badhoevedorp, the Netherlands) in the presence of HRV-14 (10 TCID 50 per cell) or aliquot amounts of supernatants from uninfected HeLa cells at 37°C. After 2 days, cells were harvested, washed in PBS, and analyzed by flow cytometry. Monocyte-derived dendritic cells (md-DCs) were generated by culturing purified blood monocytes for 8 days with a combination of GM-CSF (50 ng/mL) and IL-4 (100 U/mL) as described previously (26) .
T-cell proliferation assays. For the allogeneic mixed lymphocyte reaction (MLR), allogeneic, purified T cells (10 5 ) were incubated with graded numbers of irradiated (30 Gy, 137 Cs source) freshly isolated monocytes, mdDCs, or Epstein Barr virus-transformed (EBV-transformed) B-lymphoblastoid cells (B-LCLs) for the indicated periods. HRV (10 TCID 50 per cell) or respective aliquots of mock-cultured HeLa supernatants were added at the beginning of the MLR. In some experiments, supernatants (100 µL) of monocytes cultured in the presence of HRV-14 or HeLa supernatants were added. Experiments were performed in 96-well cell culture plates in RPMI-1640 medium supplemented with 5% human AB-serum (PAA Laboratories, Munich, Germany). Proliferation of T cells was monitored by measuring (methyl-3 H)-TdR (ICN Pharmaceuticals Inc., Irvine, California, USA) incorporation on day 5 of culture. Cells were harvested 18 hours later, and radioactivity was determined on a microplate scintillation counter (Packard, Meriden, Connecticut).
Antigen stimulation assays were performed with fresh PBMCs (10 5 per well). The cultures were set up in the presence of tetanus toxoid (1 µg/mL), PPD (1 µg/mL), SEA or SEB (10 ng/mL), or OKT3 (1 µg/mL).
Proliferation was measured by (methyl-3 H)-TdR incorporation on day 3 (SEA, SEB, OKT3) and day 5 (tetanus toxoid, PPD) of culture. Immunofluorescence analysis. For membrane staining, cells (5 × 10 5 ) were incubated for 30 minutes at 0-4°C with unconjugated mAb. After washing twice with PBS, Oregon Green-conjugated goat anti-mouse antibody from Molecular Probes Inc. (Eugene, Oregon, USA) was used as a second-step reagent. Flow cytometric analysis was performed using a FACScan flow cytometer (Becton Dickinson).
Determination of cytokine production. Monocytes (1 × 10 6 /mL) were cultured either mock treated or stimulated with LPS (100 ng/mL), with or without pretreatment for 24 hours with IFN-γ (300 U/mL), or in the presence of HRV (10 TCID 50 /monocyte) in 24-well plates (Corning-Costar Europe). After 24 hours, the supernatants were harvested and analyzed by ELISA or used in T-cell proliferation assays. For cytoplasmic staining, monensin (5 µM) was added during the last 12 hours. The cells were harvested and fixed for 20 minutes at room temperature by adding 100 µL of FIX solution (An der Grub). Subsequently, cells were washed once with 4 mL of PBS, resuspended in 100 µL of PBS, and permeabilized by the addition of 100 µL of PERM solution (An der Grub). Immediately, the indicated PE-conjugated anti-cytokine mAb's were added and incubated for 20 minutes at room temperature. The cells were then washed twice, resuspended in PBS (200 µL), and analyzed by flow cytometry.
Cytokines were measured by sandwich ELISAs using matched-pair antibodies. Capture and detection antibodies for human IL-1β were obtained from Genzyme Pharmaceuticals (Cambridge, Massachusetts, USA); for IL-10 and IL-12 p70, from R&D Systems Inc.; and for TNF-α, from PharMingen. Standards consisted of human recombinant material from R&D Systems Inc. Assays were performed in duplicate according to the recommendations of the manufacturers. The lower limit of detection was 10 pg/mL for IL-1β and 20 pg/mL for IL-10, IL-12, and TNF-α.
Results

HRV-14 reduces antigen-induced T-cell proliferation.
To analyze the influence of HRV on immune responses, we investigated its effect on antigen-induced T-cell proliferation. Results shown in Figure 1 demonstrate that addition of major group HRV-14 to PBMCs strongly reduced the proliferative T-cell response induced by recall antigens (tetanus toxoid, PPD), superantigens (SEA, SEB), or CD3 mAb OKT3. In addition, T-cell proliferation induced by allogeneic monocytes was also strongly inhibited (Figure 2a ). These effects were observed with purified HRV-14 and with UV-inactivated HRV-14 (data not shown) but were not induced with supernatants from uninfected HeLa cells used for control ( Figure 2a) . Preincubation of HRV-14 with WIN 52035-2, which sterically blocks the binding sites on HRV for its cellular receptor ICAM-1 (CD54) (25) , reversed the inhibitory effect of HRV-14 ( Figure 2b) . Thus, binding of HRV-14 to cells was essential for inhibition of T-cell proliferation. This observation also demonstrates that direct viral effects and not contaminations are responsible. Titration of HRV-14 revealed that significant inhibitory effects were detectable down to an HRV-14 (TCID 50 )/cell ratio of 0.025:1 (Figure 2c) . Downregulation of MHC class II expression on monocytes upon culture with HRV-14. Stimulation of T cells by antigen-presenting cells is based on a complex molecular interaction that involves MHC-, adhesion-, and costimulatory molecules as well as cytokines. To elucidate which of these molecules might be affected by HRV-14, we cultured monocytes in the presence of HRV-14 or supernatants from uninfected HeLa cells for 2 days and analyzed the immunophenotype of the cells.
As can be seen in Figure 3 , interaction of monocytes with HRV-14 had pronounced effects on their marker profile. The spontaneous downregulation of CD14 expression due to cultivation of monocytes was prevented in the presence of HRV-14. Surprisingly, the costimulatory molecules CD80 and CD40 were found to be neoexpressed or upregulated, respectively, on monocytes cultured in the presence of HRV-14 compared with mock-treated cells. Expression of the costimulatory molecule CD86 and the adhesion molecule CD54 was downregulated on monocytes upon HRV-14 interaction. Other important adhesion molecules such as CD11a and CD58 were only minimally affected. Most strikingly, however, cultivation of monocytes in the presence of HRV-14 strongly downregulated cell-surface expression of MHC class II molecules (Figure 3) , in some instances down to 20% of control cells. In contrast, MHC class I expression was found to be slightly upregulated.
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The Monocytes produce an inhibitory factor upon interaction with HRV-14. The observations described here raised the question of how HRV-14 can downregulate the T-cell stimulatory capacity of monocytes. A first clue was obtained when the supernatant of monocytes cultured in the presence of HRV-14 for 2 days was transferred to untreated monocytes. Addition of this supernatant, but not of the supernatant of mock-treated monocytes, strongly reduced the proliferative T-cell response induced by allogeneic monocytes (Figure 4a ). Remarkably, inhibition by the supernatant of monocytes cultured in the presence of HRV-14 was always much stronger than the effect produced by addition of the virus alone and worked even when diluted down to 1:512 (Figure 4, a and d) . Adding this supernatant to md-DCs, we found that the allostimulatory capacity of md-DCs was also strongly reduced, whereas HRV-14 alone showed no such effect (Figure 4, b and d ). In contrast to monocytes and md-DCs, neither the supernatant of HRV-cultured monocytes nor the virus alone was able to diminish the allogeneic T-cell response induced by EBV-transformed B-LCLs (Figure 4c) .
HRV-14 induces IL-10 production in monocytes.
A prominent immunosuppressive factor that strongly inhibits the accessory function of monocytes and of DCs (27) and downregulates MHC class II cell-surface expression (28) but does not inhibit B cell-mediated responses (27, 28) is the cytokine IL-10. Therefore, we analyzed the supernatant of HRV-14-treated monocytes after 2 days of culture for the presence of IL-10. The results of this analysis revealed that large amounts of IL-10 were present in the supernatant of HRV-14-treated monocytes (Figure 5a ). The amounts of IL-10 and the number of monocytes producing this cytokine (Figure 5b ) upon stimulation with HRV-14 were comparable with those seen after LPS stimulation. HRV-14 samples used in this study contained no detectable IL-10 (<20 pg/mL) and low LPS contamination (<10 pg/mL). Moreover, in contrast to LPS stimulation, HRV-14 did not induce production of the proinflammatory cytokine TNF-α and induced only small amounts of IL-1β in monocytes (Figure 5a) .
HRV-14 inhibits IL-12 production in monocytes.
An important immunoregulatory property of IL-10 is its ability to inhibit the production of IL-12 (29), the critical cytokine that drives T-cell responses toward type 1 effector cells (30) . This prompted us to examine the influence of HRV-14 on IL-12 production of monocytes. Monocytes are known to produce IL-12 upon stimulation by IFN-γ/LPS (31) . In contrast, pretreatment of monocytes with IFN-γ and subsequent addition of HRV-14 did not result in IL-12 production (Figure 6a ). We therefore asked whether HRV-14 might inhibit the induction of IL-12. For this purpose, monocytes were cultured with HRV-14 or control HeLa supernatants before IFN-γ/LPS was added to induce IL-12 production. Pretreatment of monocytes with HRV-14 strongly inhibited the amounts of IL-12 ( Figure 6a ) and the number of cells producing IL-12 as a result of IFN-γ/LPS stimulation, whereas IL-6 production was not reduced (Figure 6b ). Inhibition of IL-12 production induced by HRV-14 was only partially reversed in the presence of neutralizing anti-IL-10 antibodies (Figure 6b ). This observation demonstrates that an additional IL-10-independent mechanism is critically involved in the selective inhibition of IL-12 production by HRV-14.
Neutralization of IL-10 abrogates the inhibitory effect of HRV-14. To ascertain that IL-10 was the responsible suppressive factor present in the supernatant of HRV-14-treated monocytes, the supernatant was pretreated with neutralizing IL-10 antibodies and subsequently tested in the allo-MLR assay. Results in Figure 7 demonstrate that the addition of anti-IL-10 antibodies reversed the inhibitory effect of the supernatant obtained from HRV-14-treated monocytes and that monocytes stimulated T cells in the presence of this supernatant nearly as well as untreated cells. Because intact HRV-14 is still present in the supernatant obtained from HRV-14 treated monocytes, neutralizing anti-IL-10 antibodies did obviously inhibit both transferred IL-10 and IL-10 induced by transferred HRV-14.
Discussion
In this study, we demonstrate that HRV-14, a member of the major group HRV family, can efficiently inhibit antigen-specific T-cell responses. These inhibitory effects were found to result from a particular spectrum of cytokines released by mononuclear phagocytes upon HRV-14 interaction. Most prominent among them is IL-10, a well-established immunosuppressive cytokine (32) , which is strongly induced by HRV-14. In contrast, major proinflammatory cytokines such as TNF-α and IL-1β and the Th1-activator IL-12 (30) are not induced or are only minimally induced, and IL-12 production induced by IFN-γ/LPS was significantly inhibited in monocytes after HRV-14 interaction. On the basis of these observations, it is tempting to speculate that the particular cytokine profile induced by HRV in mononuclear phagocytes might have adverse effects on local immunity in areas of HRV infection. Such reduced local immunocompetence may predispose affected individuals to secondary infections and could possibly explain the frequently observed occurrence of sinusitis, otitis media, bronchitis, and pneumonia in HRV-infected persons (23, 24) .
Inhibition of antigen-specific T-cell responses by major group HRV have been reported previously (33) . This property cannot be attributed to cytopathic effects because HRV does not infect or damage leukocytes (34) . Inhibition was explained by the capacity of major group HRV to bind the T-cell ligand ICAM-1 on accessory cells (monocytes) and thereby prevent accessory-cell to T-cell contact and, consequently, T-cell activation. Such a mechanism seems to be plausible, as other studies have shown that binding of HRV to ICAM-1 blocks ICAM-1/LFA-1 pair formation (35, 36) . Although direct interference may contribute to a reduction of T-cell reactivity, it cannot account for the inhibitory effects of HRV observed by us. In particular, HRV-14 did not inhibit md-DCs or B-LCL-induced allogeneic T-cell responses, in which ICAM-1/LFA-1 interactions are also critically involved (37) (38) (39) . Rather, the induction of a soluble factor by HRV-14 in monocytes seems to be primarily responsible for the inhibition of the antigen-specific T-cell response. Data presented here demonstrate that this factor is IL-10. First, addition of supernatant from HRV-14-treated mono-
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The Journal of Clinical Investigation | October 1999 | Volume 104 | Number 7 cytes only inhibited the allostimulatory capacity of monocytes and md-DCs, whereas B-LCLs were not affected, which is typical for IL-10 (27, 28) . Second, monocytes stimulated with HRV-14 were found to produce biologically relevant amounts of . Third, neutralization of IL-10 with a specific antibody reverted the blocking effects of HRV on T-cell stimulation.
The mechanism of inhibition of antigen-specific, cellular immune responses by IL-10 is well defined (32) . Most relevant in this respect is the massive downregulation of MHC class II molecule expression in the presence of IL-10 (28). Accordingly, HRV-14-induced downregulation of MHC class II molecules was inhibited in the presence of anti-IL-10 antibodies (data not shown). In contrast to MHC class II, MHC class I expression on monocytes is only slightly affected by IL-10, and responsiveness of activated CD8 + T cells is even enhanced by 41) . It has also been demonstrated that IL-10 reduces CD80 and CD86 costimulatory molecule expression (41, 42) and inhibits IL-12 production (29). Upon HRV-14 treatment of monocytes, we have also observed downregulation of CD86 expression and an inhibition of IL-12 production. However, inhibition of IL-12 production induced by HRV-14 was only partially reversed in the presence of neutralizing anti-IL-10 antibodies, indicating that an IL-10-independent mechanism is also critically involved, which is reminiscent of what has been found to be the case with measles viruses (31) . Also in contrast to IL-10 effects, CD80 and CD40 expression was clearly upregulated in HRV-treated monocytes. Another marker reproducibly found to be upregulated on monocytes upon HRV-14 stimulation was CD14, a cell-surface molecule that is not significantly influenced by IL-10 (40, 42). Thus, the immunophenotype of HRV-14-treated monocytes differs in some aspects from that reported for IL-10 stimulation, and not all functional effects of HRV-14 may be due to induction of IL-10 production.
The classical cellular receptor for major group HRV is ICAM-1 (43, 44) . Here we provide 3 pieces of evidence that engagement of ICAM-1 is required to elicit the inhibitory effects of HRV. First, cell-surface expression of ICAM-1 on monocytes was reduced upon HRV-14 interaction. This is likely to be primarily due to receptor usage of HRV-14 (45) and only marginally reversed in the presence of anti-IL-10 antibodies (data not shown). Second, the specific inhibitor WIN 52035-2, which blocks HRV binding to ICAM-1 (25) , abolished the HRV-induced inhibitory capacity. Third, inhibition was not observed with the minor group HRV-2, which interacts with cells via the LDL-receptor and/or LDLreceptor-related proteins (46) (data not shown).
The mechanism of IL-10 induction in monocytes by HRV-14 and the role of ICAM-1 are not yet understood. Signal transduction via ICAM-1 is possible. It can be induced by specific antibodies (47, 48) or by its ligand fibrinogen (49, 50) . We observed that engagement of ICAM-1 with CD54 mAb RR1/1 did not stimulate IL-10 production in monocytes (data not shown). However, because 1 HRV capsid has 60 receptor binding sites and binds to ICAM-1 with high avidity (51), rhinovirus particles might trigger pronounced cross-linking of ICAM-1 and subsequent signal transduction, leading to IL-10 production. It is conceivable that this may not be achieved by mAb's or by other ligands of ICAM-1. Gern and coworkers have recently reported that binding of HRV-16, another major group HRV, to airway macrophages, and induction of TNF-α, were not inhibited with antibodies against ICAM-1 (34). These observations suggest that HRV may also interact with mononuclear phagocytes via yet undefined signal transducing receptor structures. Therefore, future experiments are necessary to clarify whether such cellular receptors for HRV are expressed on mononuclear phagocytes.
IL-10 is 1 of the key factors that regulate inflammatory responses (32, 52) . The anti-inflammatory action of IL-10 is primarily achieved by inhibition of the production of proinflammatory cytokines such as IL-1, IL-6, and TNF-α (53-55). The crucial role of IL-10 in controlling inflammatory responses is best illustrated in IL-10 knockout mice that suffer from chronic inflammatory bowel disease (56) and in studies in which injection of IL-10 rescued mice from LPSinduced toxic shock (57) . Common cold symptoms are considered to be caused by proinflammatory cytokines produced in the nasal mucosa (3). In the course of the infection, however, major group HRV may induce the production of IL-10 in infiltrating monocytes. This may result in a decrease of the local inflammatory reaction and in the inhibition of cellular immune responses.
Figure 7
Neutralization of IL-10 abolishes the inhibitory effect of HRV-14. Purified T cells (10 5 ) were incubated with graded numbers of allogeneic, purified monocytes in the absence (open circles) or presence of supernatants from HRV-14-treated monocytes that had been pretreated with (filled triangles) or without (filled squares) neutralizing anti-IL-10 antibodies.
